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Abstract. We extend a chiral effective field theory approach to the Λ-nuclei interaction with the inclusion of
the decuplet baryons. More precisely, we study the contributions due to the long-range two-pion exchange,
with Σ and Σ∗ baryons in the internal baryonic lines considering Nh and ∆h excitations. In particular,
central and spin-orbit potentials are studied. For the former, regularization is needed and physical values
of the cut-off give a large attraction, becoming necessary to include the repulsion of other terms not
considered here. For the latter, in a model-independent framework, the inclusion of the decuplet supports
the natural explanation of the smallness of the Λ-nuclear spin-orbit term and shows the importance of the
Σ∗ and ∆ degrees of freedom for the hyperon-nucleus interactions.
PACS. 21.80 Hypernuclei – 21.65.+f Nuclear matter – 13.75.Ev Hyperon-nucleon interaction – 24.10.Cn
Many-body theory
1 Introduction and framework
One of the most striking features of the Λ-nucleus poten-
tial is the weakness of the spin-orbit piece [1,2]. Several
theoretical approaches have tried to explain it, ranging
from one boson exchange (OBE) potentials [3] with the
couplings sometimes motivated by the underlying quark
dynamics, to the consideration of two meson exchange
pieces [4] or to quark based models [5]. Recently, a novel
approach to the Λ-nucleus interaction based on effective
field theory has attempted to explain this fact as a natural
cancellation of short and long-range pieces [6]. The main
contribution to the Λ mean field in that work comes from
the first diagram in Fig.1, which is related to the nucleon-
hole excitation contribution to the pion self-energy. How-
ever, we know from pion physics the importance of ∆-hole
excitation even at very low energy well below the ∆ peak
[7]. Also, in Refs. [8,9] it was shown the importance of the
decuplet baryons as intermediate states in the two meson
exchange terms of the Y N bare potential. The aim of this
work is to extend the Ref. [6] considering also the interac-
tion with the relevant baryons of the decuplet (∆ and Σ∗)
and its contribution to the two pion exchange potential. In
particular, we will study whether the natural explanation
of the weakness of the spin-orbit Λ-nucleus potential is
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still valid after the inclusion of the new terms. This paper
reports briefly the results obtained in [10].
The coupling between the pseudoscalar meson octet
and the baryon octet is given by
Loct = DTr
(
B¯γµγ5{uµ, B}
)
+ F Tr
(
B¯γµγ5
[
uµ, B
])
, (1)
where B is the traceless flavour matrix accounting for
the spinors fields of baryons while uµ = i[ξ†, ∂µξ]/2 in-
troduce the SU(3) matrix of meson fields Φ since ξ =
Exp(iΦ/
√
2fpi). The interaction between the baryon octet,
the baryon decuplet and the meson octet is described by
[11]:
Ldec = C√
2fpi
(
T¯µ∂
µφB + h.c.
)
, (2)
where Tµabc is the SU(3) representation for the 3/2
+ spinor
fields and where we have expanded the axial current up to
one meson field. The parameter fpi=92.4 MeV is the weak
pion decay constant and D=0.84, F=0.46 are the SU(3)
axial-vector coupling constants for the octet baryons. The
analysis of the partial decay widths of the decuplet shows
a breaking of the SU(3) symmetry [11,12] of the order
of 30%. In our calculation we need the Σ∗πΛ and ∆πN
vertices and we will use for each case as coupling constant
C the value fitted to the decay widths of Σ∗ → πΛ and
∆→ πN respectively (CΣ∗ = 1.7, C∆ = 2.0).
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Fig. 1. Two pion exchange diagrams with Σ, Σ∗ in intermediate states and with 1Nh and 1∆h excitations of nuclear matter.
Nucleon in-medium propagators are used.
2 Λ-nucleus central potential depth
We focus on the obtainment of the density dependence of
the mean-field UΛ(kf ) for a zero-momentumΛ-hyperon in-
teracting with an infinite isospin-symmetric nuclear mat-
ter via the long-range terms represented in Fig.1, (OPE
interaction is prohibited by isospin conservation). The nu-
cleon lines represent in medium nucleon propagators
G(p) =
θ(|p| − kf )
γ · p−m+ iǫ +
θ(kf − |p|)
γ · p−m− iǫ , (3)
where kf is the Fermi momentum. We start with the first
diagram of Fig.1 reproducing the procedure of [6]. Two
pieces, direct and crossed, appear in the pion self-energy
after the N-hole loop energy integration. Moreover, each
of them can be split into two other pieces, linear and
quadratic in the occupation number n(k) = θ(kf − |k|).
A non-relativistic reduction is performed expanding
the potentials in power series of a variable representative
of the average mass of baryons, MB ≡ (2MN + MΛ +
MΣ)/4. Other relevant magnitudes are the mass splittings
either on the internal-baryon line or on the 1ph excitation,
expressed in a convenient way; MΣ −MΛ ≡ ∆2/MB ≃ 77
MeV, MΣ∗ −MΛ ≡ ∆∗2/MB ≃ 292 MeV for the internal-
line and M∆ −MN ≡ ∆2f/MB ≃ 270 MeV for the 1ph.
Once integrated the energy in both loops, the direct
term proportional to occupation number in the first dia-
gram of Fig.1 gives to leading order the following contri-
bution to the mean-field:
UΛ(kf )
Nh−l = −
D2g2A
f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
×
×
MB l
4
(m2pi + l2)2(∆2 + l2 − l · p1)
, (4)
where gA = D + F = 1.3, mpi=138 MeV, l is the trimo-
mentum of the pion and p1 is the trimomentum of the
nucleon. The d3l loop is linearly ultraviolet divergent and
we regularize it with a cut-off Λ¯ = 0.6 GeV. The direct
term, quadratic in occupation number in Fig.1 is a repul-
sive piece that, at leading order, gives
UΛ(kf )
Nh−q =
D2g2A
f4pi
∫
|p1,2|<kf
d3p1d
3p2
(2pi)6
×
×
MB (p1 − p2)
4
[m2pi + (p1 − p2)2]2[∆2 + p22 − p1 · p2]
, (5)
where we have introduced a suitable change of variables
p1+ l = p2. On the other hand, crossed terms are ignored
since their leading order contributions are O(1).
We compute now the second diagram of Fig.1, which
considers a ∆-h instead of a N-h excitation, integrating
the loop energies and expanding to leading order in MB.
We find that its unique contribution is
UΛ(kf )
∆h = −
8D2C2∆
9 f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
×
×
MB l
4
(m2pi + l2)2(∆2 +∆2f + l
2 − l · p1)
. (6)
The analytical structure of this piece is the same as in (4)
but with a new splitting term in the denominator and a
different coefficient. The integral diverges and the previous
regulator Λ¯ is used.
Third and fourth diagrams consider the hyperonΣ∗(1385)
instead of Σ as intermediate state. A calculation using the
procedure shown above leads to similar equations as (4),
(5) and (6) but with different mass splittings in the de-
nominator and different coefficients in front of them:
U
∗
Λ(kf )
Nh−l = −
C
2
Σ∗g
2
A
2 f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
× (7)
×
MB l
4
(m2pi + l2)2(∆∗
2 + l2 − l · p1)
, (8)
U
∗
Λ(kf )
Nh−q =
C
2
Σ∗g
2
A
2 f4pi
∫
|p1,2|<kf
d3p1d
3p2
(2pi)6
×
×
MB (p1 − p2)
4
[m2pi + (p1 − p2)2]2[∆∗
2 + p22 − p1 · p2]
, (9)
U
∗
Λ(kf )
∆h = −
4 C2Σ∗C
2
∆
9 f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
×
×
MB l
4
(m2pi + l2)2(∆∗
2 +∆2f + l
2 − l · p1)
. (10)
Again, the integral of Eq. (9) is convergent, while the
integration of (8), (10) are regularized with the momen-
tum cut-off Λ¯.
A simple estimation of the amplitudes being integrated
can give a hint of the relative importance of the different
contributions of Fig.1 to the low-momenta interaction. At
first glance, decuplet-baryon diagrams are suppressed by
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Fig. 2. Left: Central potential dependence on nuclear medium density for diagrams presented in Fig.1. Right: Integrands of
divergent pieces for a particular angular configuration (l · p1 = 0) and where a factor l
2 has been omitted.
heavier terms in the denominator, but they are also en-
hanced, on the other hand, by the stronger couplings in-
troduced by the MBB∗ vertices. That would give, from
1
∆2+l2
to 2.0
∆2+∆2
f
+l2
, 3.1
∆∗2+l2
or 6.3
∆∗2+∆2
f
+l2
for the com-
parison between the first diagram (Fig.1) and the second,
the third or the fourth respectively. This comparison is
illustrated also in Fig.2 (Right) where the integrands of
the dominant pieces for a particular angular configuration
are drawn along the interval of integration. All this shows
how the extra damping in the new diagrams introduced by
the larger mass splittings is compensated by the stronger
couplings of the pion to the decuplet.
The density dependence of the different pieces of the
potential is presented in Fig.2 (Left)). The value given by
these diagrams at saturation density is strongly attractive
U l−rΛ (ρ0) ≃ −250,MeV (11)
and consequently short-range terms have to be introduced
in order to get a realistic central-potential depth. See, for
instance, Ref. [13] where the inclusion of short range corre-
lations in these pieces leads to reasonable total potentials.
3 Λ-nucleus spin-orbit potential
The spin-orbit coupling is described by the spin-dependent
part of the self-energy produced when we consider the
interaction of the corresponding particle (in our case a Λ-
hyperon) with a weakly inhomogeneous medium. This is
achieved [6] considering that the Λ-hyperon scatters from
an initial trimomentum p − q/2 to a final trimomentum
p+q/2. Then, the dominant spin-dependent part for such
weak inhomogeneity arises as
Σspin =
i
2
σ · (q × p)UΛls(kf0). (12)
The spin-orbit strength is identified with the shell-
model spin-orbit potential when we multiply by a nor-
malized density profile f(r) and express the result in co-
ordinate space by a Fourier transform:
HΛls = UΛls(kf0) 1
2r
df(r)
dr
σ ·L, (13)
whereL is the orbital angular momentum of the Λ-hyperon.
The antisymmetric vectorial structure of (12) can be
obtained manipulating the expression σ · (l+ q/2)σ · (l+
q/2) coming from the πΣΛ vertices in the two first dia-
grams of Fig.1, and also S · (l + q/2)S† · (l + q/2) from
the πΣ∗Λ vertices of the two last diagrams of Fig.1. Using
the known relations
σiσj = δij + iǫijkσk (14)
and
SiS
†
j = 2/3 δij − i/3 ǫijkσk (15)
we obtain the antisymmetric tensorial structure which char-
acterizes the spin-dependent part of the self-energy of Eq.
(12). Notice that these terms have a different sign depend-
ing on the SU(3)-multiplet which the internal-line baryon
belongs to, circumstance that produces cancellations be-
tween the diagrams with Σ and the diagrams with Σ∗.
The other factor p is in the denominator and comes up af-
ter expanding the amplitude in a power series and keeping
the linear term. Finally, we obtain the following Λ-nucleus
spin-orbit potentials for the different diagrams:
UΛls(kf )
Nh−l = −
2D2g2A
3f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
×
×
MB l
4
(m2pi + l2)2(∆2 + l2 − l · p1)2
, (16)
UΛls(kf )
Nh−q =
2D2g2A
3f4pi
∫
|p1,2|<kf
d3p1d
3p2
(2pi)6
×
×
MB (p1 − p2)
4
[m2pi + (p1 − p2)2]2[∆2 + p22 − p1 · p2]2
, (17)
UΛls(kf )
∆h = −
16D2C2∆
27 f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
×
×
MB l
4
(m2pi + l2)2(∆2 +∆2f + l
2 − l · p1)2
, (18)
U
∗
Λls(kf )
Nh−l =
C
2
Σ∗g
2
A
6 f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
×
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×
MB l
4
(m2pi + l2)2(∆∗
2 + l2 − l · p1)2
, (19)
U
∗
Λls(kf )
Nh−q = −
C
2
Σ∗g
2
A
6 f4pi
∫
|p1,2|<kf
d3p1d
3p2
(2pi)6
×
×
MB (p1 − p2)
4
[m2pi + (p1 − p2)2]2[∆∗
2 + p22 − p1 · p2]2
, (20)
U
∗
Λls(kf )
∆h =
4 C2Σ∗C
2
∆
27 f4pi
∫
|p1|<kf
d3p1d
3l
(2pi)6
×
×
MB l
4
(m2pi + l2)2(∆∗
2 +∆2f + l
2 − l · p1)2
. (21)
All these integrations are convergent and therefore don’t
depend in other input parameters than the coupling con-
stants and particle masses. Notice also that these contri-
butions account for non-relativistic effects since they arise
at leading order in MB expansion. This is a different sit-
uation to that which emerges in mean-field models with
OBE interactions, where the spin-orbit interaction is a rel-
ativistic effect[14].We have checked numerically that the
expansion in the MB is good, even when the mass split-
tings are almost 300 MeV. The difference at ρ = ρ0 is
less than 10% for all diagrams. In Fig. 3, it is shown the
density dependence of the spin-orbit potentials calculated
in this manner. The ∆-hole diagram (second diagram of
Fig.1) gives a contribution similar in size and of the same
sign as the N -hole diagram (first). This would spoil the
result of [6] and produce a too large negative contribution.
However, the processes with a Σ∗ have a positive contri-
bution giving a total result quite similar to that obtained
previously including only the first diagram. As explained
before, this different sign comes from the opposite sign of
the antisymmetric parts of Eqs. (14) and (15), which cor-
respond to octet-octet and octet-decuplet spin transition
operators respectively.
We also show in Fig. 3 a rough estimate of the total
result by using the same approach as in Ref. [6] to ac-
count for the missing short range pieces. A full discussion
justifying this approach can be found there. We take
U shellΛls (kf ) = Cl
M2N
M2Λ
U shellNls (kf ) (22)
where the factor M2N/M
2
Λ comes from the replacement of
the nucleon by the Λ-hyperon in these relativistic spin-
orbit terms. For U shellNls (kf ) we suppose a linear dependence
in ρ that takes the value 30 MeV fm3 at saturation density
[15]. For Cl we take the band between the values 1/2 and
2/3.
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